The adsorption of cobalt nanoparticles on a carbon microfiber surface has been electrochemicaly detected. The redox processes observed in an electrochemical cell filled with redistilled water and equipped with the carbon fiber microelectrode modified by cobalt nanoparticles have been compared to those observed in an aqueous solution of Co 2+ cations. The movement of the adsorbed nanoparticles has been demonstrated by the feedback capacitance-potential method.
Introduction
In recent years, nanoscaled materials have attracted attention due to their characteristic properties and widespread possibilities for contributions to science and technological applications. The properties of nanoscaled materials may depend on their size through a variety of mechanisms. How electrons move in systems that bridge the gap between bulk materials and discrete molecules is a critical concern not only in understanding the basic processes taking place in nanostructured materials, but also in the development of electronic devices using nanotechnology. The research of many groups is nowadays focused on the application of electrochemistry to understand fundamental and practically important processes on the nanoscale.
For the first time, the redox-like charging of metal nanoparticles was reported in the year 1988. 1 Later, a general view of the electroanalytical applications of metal nanoparticles (including the electroanalytical properties of various metal nanoparticles, the employment of nanoparticles in sensors, and the modification of electrodes by metal nanoparticles) was elaborated. 2 Nanoparticles that exhibit specific physical or chemical properties to carry out novel functions, such as the catalysis of biological reactions, are of great interest due to expected bioanalytical applications. 3 A comparison of the direct electrochemistry of nanoparticles in an aqueous solution and adsorbed onto an electrode surface lead to novel approaches to investigating their electrochemical properties. 4 Possible applications of electrodes modified by metal nanoparticles, 5 as well as physical, electrochemical, and chemical processes taking place at their surfaces, had grown into interest for many scientists, e.g., advantages of a kind of polyoxometalat nanoparticle modified electrode compared to the traditional polyoxometalat modified electrode were described. 6 Electrochemistry became a key technology for the enhanced and controlled assembly of nanoparticles, as well as for the coupling of nanoparticle activity to external circuitry. 7 In the presented work we aimed to study cobalt nanoparticles adsorbed on a carbon fiber microelectrode in relation to the processes that occur in an electrochemical cell equipped with such a type of working electrode. What we wanted to establish were:
• how does a nanoparticle, itself, respond to potential steps applied to the electrode, and • how do the nanoparticle's redox reactions differ from those taking place in aqueous solutions of Co 2+ cations.
Experimental

Experimental equipment
The transient charge analyser used in the present study comprised several electrical and electrochemical methods. Among them, the most important for the presented work were double-step voltcoulometry, steady-state voltammetry, and capacitance-voltage measurements. These methods are based on measuring the transient response of the system under investigation to an applied excitation pulse. A block scheme (Fig. 1a) of the used experimental setup comprises a transient charge processor (TCP) application card, analog-to-digital (A/D) and digital-to-analog (D/A) converters card, and a charge-sensitive preamplifier (CSA). All experiments were performed in a two-electrode cell compartment with the working electrode virtually grounded. An Ag/AgCl structure was used as the reference electrode.
The basic principles of the double-step voltcoulometry (DSVCM) are described elsewhere. 8 A transient current flowing in response to a potential step (∆E) across the electrochemical cell is integrated and simultaneously processed by a deliberately selected time-domain filter, while scanning the applied potential (E) of the working electrode at a defined rate of α = dE/dt. The transient charge (Q(t)) is sampled at three different sampling events to obtain the desired response in the form ∆q(E) = Q(t1) -2Q(t2) + Q(t3), where t1, t2 = 5t1 and t3 = 9t1 are the sampling times with respect to the trailing edge of the excitation pulse (see Fig. 1b ). Each such period is preceded by another one, during which a steady-state voltammetry (SSVAM) signal is obtained with the excitation pulse being switched off.
The main advantages of the used apparatus involve the following properties. During a single potential scan, two electrochemical methods are simultaneously applied to the analyte under investigation.
The first one, double-step voltcoulometry, is an alternative to the typical scheme when the transient current is sampled just before and at the end of the excitation pulse. The used filtering scheme is capable of eliminating both the constant and linear components in the transient charge, which results in a significant suppression of both the steady-state and capacitive contributions of the transient current with respect to the diffusion current contribution. Moreover, the filtering scheme gives rise to the kinetics-sensitive properties 8 of the DSVCM method. The second method is the routinely used steady-state voltammetry. The simultaneous application of two such electrochemical methods, one of them being kinetics sensitive, is useful for a better understanding of the studied redox processes.
For capacitance-potential measurements, a method introduced by Mego 9 was applied. The transient charge (Q) was sampled by a three-channel correlator according the following scheme (see Fig. 1c ). The first sampling event (t0) ceased exactly at the arrival of the trailing edge of the filling pulse with the aim to sample the baseline of the measured signal. The next one (t2) was set at a chosen time delay after the arrival of the trailing edge of the filling pulse; the last one (t3) was set at the triple delay as the second one. Then, the total capacitance (C) was obtained from the weighted sum of the three sampled values in the form C = Q(t0) -1.5Q(t2) + 0.5Q(t3) / ∆U, where ∆U was the filling pulse amplitude.
The working electrode was formed of a silica glass capillary with up to seven carbon fibers (with the diameter of each fiber being of approximately 6 -7 µm). The capillary was filled with paraffin wax to prevent liquid from seeping inside around the carbon fibers. The contact of the carbon fibers with a connecting wire was established by means of a Hg-Pt bridge. The exposed surfaces of the carbon fibers were electrochemically treated in a 150 mM NaCl solution before starting the experiment. First, a cathodic potential of -0.8 V was applied for 40 s, followed by a triangular waveform of 0 to +3 V for 10 s; finally, an anodic potential of +1.5 V was applied for 10 s.
Nanoparticles
Co nanoparticles were prepared by the thermolysis of dicobaltoctocarbonyl (Co2(CO)8) in boiling toluene under inertgas conditions. A combination of the surfactants oleic acid and oleyl amine was used to cover the growing particles, to control their size, and to prevent agglomeration. A magnetic field separation technique was used to produce a colloidal suspension of monodisperse Co particles. The details of the preparation are described elsewhere. 10, 11 TEM analyses confirmed the nearly spherical shape of the Co-particles. Their average radius was determined to be 5.7 ± 0.05 nm, and the nearest interparticles distance (center -center) was 15 ± 1 nm, caused by the length of stabilizers, covering the surface of the nanoparticles. Few larger clusters of nanoparticles could be observed after thin-film preparation. 12 
Experimental procedure
Carbon is a material with a well-known adsorption ability to both metallic and organic compounds. 13, 14 Therefore, a carbonfiber microelectrode was immersed into toluene dispersion of nanoparticles for a defined time interval with the aim to observe the adsorption of Co nanoparticles onto the carbon surface. Because no potential was applied to the carbon microfiber during this interval, only physical adsorption took place at the microelectrode surface.
Subsequently, the microelectrode modified by adsorbed nanoparticles was rinsed by redistilled water and immersed in an electrochemical cell filled by redistilled water. During a single potential scan (from the zero potential to a positive one) the voltcoulometric signal, as well as the corresponding steady-state voltammetric wave, were measured and recorded in the built-in database. The obtained results corresponded to the potential step ∆E = -0.085 V and to the first sampling event, t1 = 15.96 ms; the quiescent potential (E) was scanned at a rate of α = 0.0033 V/s. Finally, a bare electrode was used to measure the properties of the redistilled water used during the experiments with the microelectrode modified by cobalt nanoparticles. No redox signal was observed.
Capacitance-potential curves were obtained in the same electrochemical cell with the same experimental equipment. The potential was changed from a positive value to the zero potential and backward to the initial potential. The transient response of the system to 60 mV sampling pulses was sampled (t2 = 1.5 ms) according to previously published rules. 9 At the potential of the carbon fiber microelectrode near 1 V, the electrolysis of water starts. Consequently, the steady-state current flowing through the electrochemical cell is significantly increased. Since the transient charge affected by the total impedance comprising of both the capacitance and the resistance is sampled in this case, the baseline shift of the measured signal due to the leakage current should become a source of severe experimental error in the measured capacitance data. Therefore a correction of the parasitic charging was necessary in the presented work. A more detailed description of the numerical corrections of the feedback capacitance data exceeds the scope of this paper, and can be find elsewhere. 15 The experiments performed with the nanoparticles adsorbed on the carbon microfiber surface were compared to the measurements performed with a bare electrode immersed in a Co 2+ solution (prepared by using a certified reference material, producer SMU Bratislava, concentration 0.999 g/L, matrix 2% HNO3), as well as in redistilled water.
The morphology of the carbon microfiber surfaces with adsorbed Co nanoparticles was investigated by a field-emission gun scanning electron microscope (FESEM; LEO 1550) using an in-lens detector of secondary electrons. An acceleration voltage of 5 kV and a frame averaging at a 2 ms per line scanning rate were used to suppress any charging effects of uncoated surfaces.
Results and Discussion
The Co nanoparticles were adsorbed onto the carbon fiber microelectrode for 3 s, 30 s, and 60 s. The obtained data were compared to the results obtained on the analyte containing Co 2+ ions of concentration giving a similar (net of background) electrochemical response (from 0.34 µM to 0.85 µM). The results are plotted in Fig. 2 . The conclusion can be made that the activation potential of the redox reaction of cobalt nanoparticles was the same as that of the cobalt ions. This finding supports the hypothesis, that in both the abovementioned cases we observed an indentical redox reacion. Having in mind the information given by the producer concerning the ion valency in the standard cobalt solution, we suggest the following reaction to describe the observed redox processes with the respective activation potential around 0.9 V:
The closest value to the above-mentioned activation potential that we found in the literature is 1.2 eV. 16 Unlike our experiment, a three-electrode cell compartment with a stationary mercury electrode was used, and measurements were performed under supported conditions. Unfortunately, no data obtained for the Co 2+ redox reaction on a carbon-fiber microelectrode electrode under unsupported conditions was found.
The transient response of an electrochemical cell filled by an analyte can be written as ∆q = ∆dD + ∆qc + ∆qss, where the contribution to the total transient charge coming from the diffusion current is ∆qD ∝ (Cottrell equation), that coming from the capacitive current is ∆qc ∝ 1 -exp(-t/τc), and that coming from the steady-state current is ∆qss ∝ t. The background in the measured voltcoulometric signal is caused by the parasitic capacitive current. During our experiments, the highest background was observed in the case of Co nanoparticles adsorbed onto the microelectrode surface for 60 s.
The dependence of the measured electrochemical signals on the concentration of the cobalt solution, or on the adsorption time of cobalt nanoparticles, is plotted in Fig. 3 . The ratio Rβ of the voltcoulometric signal at the maximum of the redox peak to the corresponding limiting current multiplied by the first sampling event (Rβ = ∆Qmax/I1im t1) was introduced 17 as a tool for observing the differences in the kinetics of the redox reaction. The average value of the ratio Rβ for both the cobalt solutions and the cobalt nanoparticles is depicted as the dash line on the lower left and lower right part of Fig. 3 obeys different kinetics from the redox reaction of cobalt ions in aqueous solutions. As another argument concerning the conception that we are dealing with different electrochemical processes, one can observe Fig. 4 . Here, a comparison of data obtained during the course of the oxidation and reduction process is given. Contrary to the situation obtained concerning cobalt solution, the peak obtained on cobalt nanoparticles adsorbed on an electrode surface dimishes under the reduction regime, as compared to the oxidation peak (see Fig. 4) . Also, the half-wave potential of the steady-state voltammetric wave is smaller under the reduction regime compared to the oxidation regime (see Fig. 5 ). This means that the amount of reduced species in the case of nanoparticles differs from that of oxidized one. We can deduce that while the redox reaction of cobalt solution is quasi-reversible, the redox reaction of the cobalt nanoparticles exhibits irreversible behavior. Another feature, visible as a residual differential pulse voltammetry peak superimposed on the steady-state voltammetric wave of the cobalt nanoparticles (Fig. 5) provides information about the redox reaction rate. Since the transient current flowing through the electrochemical cell in response to the preceding active excitation pulse (i.e. during the voltcoulometric cycle) is still measured during the course of the voltammetric cycle, the time constant of the observed redox reaction is higher than the period of the applied excitation pulses, 8 in our case higher than 250 ms. Finally, the capacitance, potential curves for the microelectrode modified by the adsorbed cobalt nanoparticles and immersed in redistilled water, as well as for the bare electrode immersed in the cobalt solution or redistilled water were measured, and are depicted in Fig. 6 . Different behavior was observed during the above-mentioned experiments. The situation near the carbon fiber microelectrode modified by adsorbed cobalt nanoparticles is quite similar to that where giving dynamic movements to a metal nanoparticle at an electrode surface by potential control 18 was investigated. The obtained data could be described as follows. The potential of the microelectrode was swept from 1.2 V towards the zero potential. To obtain the capacitance-potential curve, sampling excitation pulses of amplitude 60 mV were applied to the electrode, and the transient response was measured according to the published rules. 9 From an electrochemical point of view, these pulses cause a reduction of the species near the electrode surface at the moment when the activation potential of the corresponding redox reaction is reached.
Thus, the nanoparticles become positively charged, and are repulsed from the microelectrode surface. After the trailing edge of the excitation pulse the system tends to reach the equilibrium, i.e. the nanoparticles are oxidized to the initial neutral state, and their distance from the electrode surface is contracted. It does match the situation, when the measured capacitance grows. The observed counterclockwise hysteresis loop points to a slow relaxation of positively charged species. In the potential region below the activation potential of the redox reaction, the capacitance of the electrical double-layer near the modified electrode is measured. As the potential of water hydrolysis is reached the number of charged species contributing to the formation of the electrical double layer increases and the capacitance tends to an unlimited growth. This behavior is particularly expressive in the case of a bare electrode immersed in redistilled water. Comparative measurements were also performed for a bare electrode immersed in a cobalt solution (40 ng/ml). In this case, the growth of the capacitance toward the zero potential could be ascribed to several species (nitric acid, impurities) present in the analyte, which could contribute to the formation of an electrical double layer. The SEM images demonstrating the morphology of the carbon microfiber surface after the 60 s exposition to the toluene dispersion of cobalt nanoparticles are shown in Fig. 7 . Individual (left-upper part of Fig. 7b ) as well as agglomerated (central part of Fig. 7b ) nanoparticles are visible. For the measured limiting current and average size of the nanoparticles, the total number of nanoparticles adsorbed on the carbon fiber can be estimated as follows. The detection threshold of the used charge sensitive preamplifier is 3000 electrons and the current range of the apparatus is 1 pA -100 nA. The measured limiting current of the voltammetric waves is on the order of tens nA (depending on the exposition time to the toluene dispersion of cobalt nanoparticles), i.e., the number of electrons involved into the measured redox reactions is approximately 10 
Conclusions
The modification of a carbon fiber microelectrode by cobalt nanoparticles adsorbed from a toluene dispersion onto the carbon surface has been approved by electrochemical methods. A comparison with measurements of an aqueous Co
2+
-solution was made. The findings, mediated by the used methods (double-step voltcoulometry, steady-state voltammetry, and capacitance-potential measurements), provide the following conclusions.
The activation potential of the redox reaction of cobalt nanoparticles is the same as that of the cobalt ions in aqueous solution, but the observed electrochemical reactions differ from each other concerning the kinetics.
The redox reaction of cobalt nanoparticles shows an irreversible behavior, while the redox reaction taking place in the cobalt solution is quasi-reversible. This feature could be ascribed to the different nature of the measured species. While Co ions are dissolved in solution, and their diffusion to the carbon fiber microelectrode is the limiting process in the observed redox reaction, in the case of Co nanoparticles one is dealing with their adsorption on the carbon surface.
Both the voltammetric and capacitance-potential measurements point to a slow relaxation of charged species measured in redistilled water with the help of a carbon fiber microelectrode modified by cobalt nanoparticles. The time constant of the observed transient response should be estimated to be about several hundreds of ms, or higher.
The most critical point of our work consists in the interpretation of the measured data with respect to the detailed structure of the Co nanoparticles, having a Co core covered by an inner CoO shell and an outer organic surfactant shell. [10] [11] [12] During the magnetophoretic size-selection process, the oleyl amine should be more or less completely removed, because of its weaker adsorption compared to oleic acid. The oleic acid molecules are chemisorbed at the nanoparticle surface, i.e. the surface atoms are close to being Co-oleate. They remain on the surface of the nanoparticles in the form of suggestive hair. Such an organic structure could be regarded as an elastic one. The counterclockwise hysteresis loop of the capacitance-voltage curve points to relaxation of the positively charged species (adsorbed nanoparticles), which has been reduced by the sampling pulse. The growth in the measured capacitance, visible as a peak in the neighborhood of the activation potential of the cobalt redox reaction, should be ascribed to movement of the nanoparticle's metallic cores. The reduction process during the sampling pulse duration causes a deformation of the oleic acid "hairs" of the nanoparticle organic cover, because the core of the nanoparticle is forced to move toward the microlectrode surface. After the trailing edge of the sampling pulse the system turns back to the equilibrium, the nanoparticles underlie to the oxidation process.
Consequently, the distance of the nanoparticle metallic core from the positively charged electrode surface is contracted. Unfortunately, due to the non-uniform arrangement of the spontaneously adsorbed nanoparticels onto the carbon microfiber surface, a quantitative analysis of the capacitance changes should be very complicated and an exact determination of the changes in the position of metallic core regarding to the microfiber surface exceeds the aim of the presented work. 
